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FIDUCIAL CALIBRATION SYSTEMS AND METHODS FOR 
MANUFACTURING, INSPECTION, AND ASSEMBLY 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This non-provisional patent application claims the benefit of U.S. Provisional 
Patent Application No. 60/268,672, filed February 13, 2001, which is hereby 
incorporated in full by reference. 

FIELD OF THE INVENTION 

The present invention relates generally to fiducial calibration systems and 
methods for use in manufacturing, inspection, and assembly applications. More 
specifically, the present invention relates to fiducial calibration systems and methods that 
utilize a plurality of workpiece metrology references. 

BACKGROUND 

It has long been a challenge in manufacturing, inspection, and assembly 
applications to more precisely and accurately position the tool or probe of a machine with 
respect to a workpiece, such that part errors may be determined or predicted and 
minimized or eliminated. This challenge is most acute when a manufacturing, inspection, 
or assembly process is carried out in the presence of environmental variations, such as 
thermal variations in a manufacturing or assembly facility or those associated with open- 
bay machining applications. Problems may also be encountered when tight or 
nanometric .tolerances are required, such as those associated with micro- 
electromechanical systems (MEMS) applications or micro/nano-electronics applications, 
and when large parts are being manufactured, inspected by measurement, or assembled, 
such as in aerospace applications. 

Manufacturing, inspection, and assembly machines typically include a controller 
capable of specifying a part coordinate system rigidly defined with reference to the 
coordinate system of the machine. This may be accomplished through, for example, 
linear and/or rotational transformation of the coordinates. As a result, the part coordinate 
system is only as precise and accurate as the underlying machine coordinate system. As 
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discussed above, both the workpiece or part and the machine are subject to thermal and 
structural variations. These variations may alter the real position of the tool or probe with 
respect to the workpiece during the manufacturing, inspection, or assembly process, 
resulting in real part errors, measurement errors during inspection, or assembly alignment 
errors. 

There have been a number of attempts to overcome these challenges and to 
control or correct these problems, many of which are specific to a particular 
manufacturing or assembly process. Typically, these systems and methods involve 
measuring the geometric errors associated with a given machine or tool and/or the 
relative position of a workpiece. Corrections are then made to command the position of 
the machine or tool to manufacture a part within predetermined tolerances. 

Various United States patents disclose such conventional systems and methods. 
For example, U.S. Patent No. 5,428,446 discloses a laser interferometry-based ball bar 
test gauge for use in spatial dimensional metrology applications. In another example, U.S 
Patent No. 5,903,459 discloses a machine control and product acceptance method 
augmented by external measurement feedback. The positions of a toolholder and a 
workpiece are measured using a laser tracker and compared to generate a machine 
correction code. U.S. Patent Nos. 5,920,483 and 5,949,685 disclose the use of an 
interferometric laser tracker or other three-dimensional position sensor to monitor part 
shape and to measure machine changes due to thermal variations. Machine position 
corrections are made via trickle feed media statements. U.S. Patent No. 4,780,617 
discloses a semiconductor device manufacturing method by which the alignment of a 
substrate within an exposure apparatus is corrected via the measurement of a plurality of 
marks. Orientation, rotation, and expansion errors associated with the wafers are part of 
the realignment calculation. Positions and errors are measured, corrected, and 
commanded utilizing the position coordinates of steppers. U.S. Patent No. 4,833,621 
discloses another substrate alignment method and apparatus with a reticle facilitated by 
measuring multiple reference areas and statistically averaging the areas. The average 
areas are used to more precisely and accurately position the wafer under the reticle for 
exposure. U.S. Patent No. 5,521,036 discloses a further positioning method and 
apparatus suitable for use with an exposure apparatus employed in a lithography process 
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for manufacturing semiconductor elements and liquid crystal devices. Alignment is 
facilitated by utilizing various patterns disposed on a mask, the patterns associated with a 
desired chip pattern. Finally, U.S. Patent No. 5,610,102 discloses a method for co- 
registering semiconductor wafers undergoing work in one or more blind process modules. 
5 Mounting techniques are utilized in conjunction with pattern recognition and flexures for 
adjustment. 

What is still needed are fiducial calibration systems and methods that reference 
machine positioning metrology directly to the current state of a workpiece, while 
extricating the positioning metrology from the current state of the manufacturing or 
10 assembly machine. What is needed are systems and methods that allow for a reduction in 
manufacturing errors, including those errors that are unpredictable, immeasurable, and 
changing. What is also needed are systems and methods that allow manufactured parts, 
such as airfoils, to be assembled with critical dimensions and alignments. 

□ 
q 

P 1 5 BRIEF SUMMARY 

M 

□ The present invention provides systems and methods that utilize a plurality of 

j\ workpiece metrology references, such that a machine or tool that is to perform an 

* operation may be fiducially calibrated to the workpiece. These workpiece metrology 


fU references may be inherent, intrinsic, fabricated, removable, real, or virtual datums 

20 rigidly attached to or associated with the stock material from which a part is to be 
□ manufactured. The systems and methods of the present invention may be employed 

before or between the steps of an existing manufacturing or assembly process, reducing 
positioning and alignment errors between a tool or probe and a workpiece. These fiducial 
calibration systems and methods reference machine positioning metrology directly to the 
25 current state of a workpiece, while extricating the positioning metrology from the current 
state of the manufacturing or assembly machine. Thus, the systems and methods of the 
present invention calibrate and reference the metrology of a machine including a tool or 
probe to the changeable state of a workpiece or part. 

In one embodiment of the present invention, a fiducial calibration method for 
30 precisely and accurately manufacturing a part from a workpiece includes providing a 
workpiece, wherein the workpiece is subject to environmental and structural variations, 
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and disposing a plurality of datums on a surface of or within the workpiece. The method 
also includes disposing the workpiece in a machine, wherein the machine is subject to 
environmental and structural variations, with the separation distance between each of the 
plurality of datums calibrated to workpiece distance units. The method further includes 
calibrating a coordinate system of the machine to the workpiece distance units, measuring 
or manufacturing the part from the workpiece utilizing the calibrated machine, and 
intermittently recalibrating the machine to the workpiece distance units. 

In another embodiment of the present invention, a fiducial calibration method for 
precisely and accurately assembling a plurality of manufactured parts includes providing 
a plurality of parts, the plurality of parts having a plurality of datums on a surface of or 
within each of the plurality of parts, wherein each of the plurality of parts is subject to 
environmental and structural variations. The method also includes disposing the plurality 
of parts in a machine operable for assembling the plurality of parts, wherein the machine 
is subject to environmental and structural variations, with the separation distance between 
each of the plurality of datums calibrated to workpiece distance units. The method 
further includes calibrating a coordinate system of the machine to the workpiece distance 
units, assembling the plurality of parts utilizing the calibrated machine, and intermittently 
recalibrating the machine to the workpiece distance units. 

In a further embodiment of the present invention, a fiducial calibration system for 
precisely and accurately manufacturing a part from a workpiece includes a workpiece 
having a surface, wherein the workpiece is subject to environmental and structural 
variations, and a plurality of datums disposed on the surface of or within the workpiece. 
The system also includes a machine operable for holding the workpiece and measuring or 
manufacturing a part from the workpiece, wherein the machine is subject to 
environmental and structural variations. The system further includes means for 
calibrating the separation distance between each of the plurality of datums to workpiece 
distance units, means for calibrating a coordinate system of the machine to the workpiece 
distance units, and means for intermittently recalibrating the machine to the workpiece 
distance units. 

In a further embodiment of the present invention, a fiducial calibration system for 
precisely and accurately assembling a plurality of manufactured parts includes a plurality 
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of parts, the plurality of parts having a plurality of datums disposed on a surface of or 
within each of the plurality of parts, wherein each of the plurality of parts is subject to 
environmental and structural variations. The system also includes a machine operable for 
holding and assembling the plurality of parts, wherein the machine is subject to 
environmental and structural variations. The system further includes means for 
calibrating the separation distance between each of the plurality of datums to workpiece 
distance units, means for calibrating a coordinate system of the machine to the workpiece 
distance units, and means for intermittently recalibrating the machine to the workpiece 
distance units. 

The systems and methods of the present invention may also be utilized to 
precisely and accurately inspect a part or a plurality of assembled parts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective view of a workpiece, illustrating the relationship between 
thermal and structural variations in the workpiece, a machine, and a scale and 
manufacturing or assembly part errors; 

Fig. 2 is planar view of one embodiment of a fiducial calibration technique for use 
in manufacturing and assembly applications, highlighting a part designed in standard 
workpiece distance units (WDU); 

Fig. 3 is a perspective view of another embodiment of the fiducial calibration 
technique of the present invention, highlighting a plurality of datums used to calibrate a 
manufacturing machine in a specific region of the workpiece; 

Fig. 4 is a perspective view of a further embodiment of the fiducial calibration 
technique of the present invention, illustrating the assembly of two or more parts utilizing 
a plurality of datums; 

Fig. 5 is a perspective view of one embodiment of a workpiece including a 
plurality of datums, the plurality of datums arranged in a substantially equilateral pattern; 
and 

Fig. 6 is a perspective view of another embodiment of a workpiece including a 
plurality of datums, the plurality of datums arranged in a substantially quadrilateral 
pattern. 
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DETAILED DESCRIPTION 

Although workpiece datums have been used to define the axes for a reference 
coordinate system with respect to a workpiece, such datums have not been used to 
5 establish the dimensional metric, i.e. the standard unit of length. By providing this 
standard unit of length, machines and tools may be dimensionally calibrated to a 
workpiece standard. A part specification may then be transferred to a manufacturing 
specification whereby the dimensions are specified by a percentage of the established 
workpiece dimensional metrology unit. Thus, regardless of the machine, tool, or probe 
10 being used, the manufacturing, inspection, or assembly metrology base is referenced to 
the workpiece and extricated from the mutable machine. Additionally, as a workpiece is 
transferred between machines, the metric is also transferred. 

M Referring to Fig. 1, a workpiece 10 with three datums 12,14,16 is shown. The 

□ 

p workpiece 10 is disposed within and supported by a manufacturing or assembly machine 

not 

15 (not shown) that includes a positioning reference scale 18 incorporating a plurality of 


Q marks 20,22,24,26,28. A tool, probe, or other device (not shown) may be positioned 

in 

!^ directly above one of the datums 16. As a consequence, a readhead 30 of the scale 18 is 

* positioned directly above one of the marks 26. The workpiece 10 may be moved such 

ry that the tool or probe is positioned above another one of the datums 14 and the readhead 

~~ 20 30 of the scale 18 is positioned above another one of the marks 22, with N marks between 
□ the original mark 26 and the subsequent mark 22. When either the machine, the 

workpiece 10, or the scale 18 change temperature, an associated dimensional expansion 
or contraction occurs. If the workpiece 10 expands, the readhead 30 of the scale 18 may 
be positioned above other marks 28,24 as the tool or probe is positioned above the 
25 datums 16,14. This may correspond to, for example, N+2 marks separation. If only the 
scale 18 expands, the number of marks separating the positions below the readhead 30 
when the tool or probe is positioned above the datums 16,14 may be, for example, N-l. 
If only the machine changes thermally or structurally, the marks 28,24 below the 
readhead 30 as the tool or probe is positioned above the datums 16,14 may be, for 
30 example, separated by N+l marks. Suppose, in the absence of the datums 12,14,16, that 
it is desirable to manufacture features on the workpiece 10 at the location of the datums 
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16,14. Having only the scale 18 with which to determine position, the separation error 
between the features may be equivalent to three marks on the scale 18. 

Techniques including measuring the temperature of the workpiece 10 or scale 18 
and correcting the commanded machine position may properly space desired features 
5 relative to one another while the workpiece is in a manufacturing state, however, the 
position of such features on the part may be significantly imprecise or inaccurate unless 
all errors caused by the changing state of the entire machine and workpiece are corrected. 
Temperature corrections involve inherent uncertainty. Coefficients of expansion of the 
workpiece and scale materials and the like must be considered and significantly limit the 
1 0 ability to precisely and accurately correct. 

Referring again to Fig. 1, assume that it is desirable to manufacture two features 
32,34 on the workpiece 10 in the presence of the datums 16,14. Also assume that the 

•M distance between the datums 16,14, determined before the part is disposed within the 

q 

■q machine, is 4,000 workpiece distance units (WDU). These WDU thermally expand and 

: =j 15 contract with the part. If it is desirable to manufacture the features 32,34 with a 

□ separation of 2,000 WDU with one feature 32 specified as 1,000 WDU from one datum 
16, the systems and methods of the present invention allow the scale 18 to be calibrated 

a to the WDU via the datums 16,14. This calibration may take place before and/or during 

fa 6 

j-y manufacturing or assembly to compensate for the changing state of the workpiece 10, the 

S 20 scale 18, and the machine. For example, if the datums 16,14 initially correspond to 

! q ! i 

Q marks 1,000 and 9,000 on the scale 18, then the features 32,34 are manufactured at marks 

[*& 

3,000 and 7,000 on the scale 18. Thus, the manufacturing process has been extricated 
from the temperature of the workpiece 10 and scale 18. If the temperature of the part 
increases during the manufacturing of one feature 32, the machine is preferably 

25 recalibrated to correspond to mark 990, which is 0 WDU from one datum 16, and mark 
9,030, which is 4,000 WDU from that datum 16. The other feature 34 is positioned at 
mark 7,020, which is now 4,000 WDU from the datum 16, or mark 990 on the scale 18. 
This may be referred to as "process-intermittent calibration." The same recalibration 
technique compensates for a change in the thermal state of the scale 18. If the thermal 

30 state of the workpiece 10 and the scale 18 do not change, but the machine structure does, 
the 0 WDU position of one datum 16 is at mark 950 and the 4,000 WDU position of the 
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other datum 14 is at mark 8,950. Thus, if one feature 32 is manufactured prior to the 
machine structure change and the other feature 34 is manufactured afterwards, a machine 
recalibration between the manufacture of the two features still yields a separation of 
2,000 WDU. 

Referring to Fig. 2, in one embodiment of the present invention, the fiducial 
calibration technique for use in manufacturing and assembly applications includes a part 
40 designed in standard spatial units, or WDU. A plurality of datums 42 are rigidly 
attached to or associated with the workpiece 10 or stock material from which the part 40 
is to be manufactured. The datums 42 may be inherent, intrinsic, fabricated, removable, 
real, or virtual. Following an environmental variation, such as a thermal variation, the 
datums 42 provide an invariant working coordinate system 44 calibrated to WDU. This 
coordinate system 44, although spatially asymmetrical and non-rectilinear in the machine 
coordinates, correctly references features in the workpiece coordinates with associated 
WDU and may be used for measurement, machining, and assembly. 

WDU may be related to standard spatial dimensions at a given temperature. For 
example, 4,000 WDU may be equivalent to 40 cm when a part is in equilibrium at 20 
degrees C. However, features on a workpiece 10 separated by 4,000 WDU remain 
separated by 4,000 WDU at any temperature. 

A workpiece 10 that has at least three datums 42 may be utilized as a reference for 
angular calibration since, by knowing the lengths of three sides of a triangle, three angles 
may be calculated along with two-dimensional coordinates. This process is known as 
"trilateration." The three lengths between and three datums 42 determine three angles. 
By measuring the position of the datums 42 in the machine system and comparing the 
positions with the angles and distances, the squareness error between nominal stage axes 
may be determined along with the position and orientation of the workpiece 10. 

Referring to Fig. 3, in another embodiment of the present invention, a large 
workpiece 10 utilizing a plurality of datums 42 allows a manufacturing machine to be 
calibrated in a specific region of the workpiece 10, reducing part errors caused by 
localized linear and/or rotational displacement of the machine. The plurality of datums 
42 may be distributed across a surface of the workpiece 10 in order to facilitate the 
manufacturing of a first feature 50 and a second feature 52. The separation distance, in 
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WDU, between each of the plurality of datums 42 may be used to calibrate the machine, 
such that a more precise and accurate part may be manufactured. The distribution of the 
plurality of datums 42 need not be in a regular pattern to provide localized calibration 
capabilities. 

5 Referring to Fig. 4, in a further embodiment of the present invention, two or more 

parts 60,62 with workpiece datums 66,68 whose positions and separations are known in 
WDU may be assembled within predetermined tolerances. Once the manufacturing of 
the workpieces 60,62 is complete, the resulting parts may be assembled using the existing 
workpiece datums 66,68. For example, a first workpiece 60 may be joined to a second 
10 workpiece 62 along a line 64. By measuring the WDU between a first set of datums 66 
and a second set of datums 68 and comparing these distances to a predetermined value, 
positions for each workpiece 60,62 may be achieved with minimum error and/or proper 

M» spacer sizes may be determined. 

□ 

p The manufacturing metrology of parts has typically been limited by measurement 

£3 15 capabilities in the working environment. Thermal variations in both the measuring 

Si 

machine and the part to be measured have complicated matters to the degree that quality 
assurance on the shop floor has been severely limited. It may take a part several hours to 


m 


* come to the standard measurement temperature of 20 degrees C. Datums on a part, 

M 

fy determined in WDU, along with the spatial dimensions of manufactured features, 

20 specified in WDU, allow quality assurance to be carried out regardless of the thermal 


fad 


□ state of a part or machine. If necessary, a final verification of the WDU of datums that 

M> 

have defined the manufacturing process may be carried out at 20 degrees C. This final 
verification may be used to determine if part distortions have occurred during the 
manufacturing process and appropriate corrections to the process may be made. 

25 The placement of datums on stock material from which a part is to be 

manufactured is dependent upon the design of the finished part. The datums are 
preferably placed in a manner that does not hinder or prevent the manufacturing process. 
The placement may also depend upon the manner in which datum separations are to be 
determined. The nature of the datum, whether it is a tooling ball or socket on a 

30 workpiece to be machined or a line or patterned array on a microelectronic substrate, may 
determine the manner in which the separation of the datums is to be determined. The 
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WDU may be determined intrinsically. For example, a given number of atomic lattice 
spacings may equal one WDU. A measured distance at a given part temperature may 
also be used as a reference. If the datum spacing in WDU is determined for a workpiece 
having a temperature other than 20 degrees C, uncertainty in the coefficient of expansion 
of the stock material is reflected in uncertainty of the WDU- to-standard distance ratio. 

Referring to Fig. 5, in a further embodiment of the present invention, if the 
datums 42 are tooling balls or sockets, then extensible ball bars used for the parametric 
testing of machine tools may be used to provide the initial measurements of the datums 
42, provided that the extensible ball bars are calibrated to a reference. Available 
extensible ball bars typically have a limited displacement range and, thus, the datums 42 
are preferably placed in a pattern comprising a plurality of substantially equilaterial 
triangles. The tooling balls or sockets may be placed on a workpiece 10 such that the 
distance between adjacent datums 42 is approximately equal to the nominal length of the 
extensible ball bars. Suitable extensible ball bars include, for example, laser ball bars, 
capable of greater length variations than conventional extensible ball bars. This greater 
flexibility in length allows the datums 42 to be placed in a nonsymmetrical manner in 
accordance with design limitations. Datum patterns may also be calibrated in WDU 
using the laser ball bars such that the laser ball bars provide confirming redundant data. 

Referring to Fig. 6, in a further embodiment of the present invention, the datums 
42 may be arranged in a regular pattern on the surface of a workpiece 10 such that 
measurements may be taken along a plurality of lines 70. The position of each datum 42 
may be used to confirm each measurement, reducing uncertainty. Distortion occurring 
during manufacturing may be monitored in a process intermittent fashion using, for 
example, an extensible ball bar. 

It should be noted that the calibration of the separation between datums 42 may be 
carried out utilizing, for example, extensible ball bars, a coordinate measuring machine, a 
touch-trigger probe, an analog probe, a digital probe, an optical probe, a contact probe, a 
non-contact probe, a manufacturing machine, a measuring machine, and the like. The 
placement of datums 42 may be carried out utilizing, for example, a calibrated master 
plate or mask, a calibrated master plate including tooling balls and/or sockets, a 
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calibrated master fabrication machine, an optical lithography machine, an electron beam 
tool, an electromagnetic radiation machine, a high energy particle machine, and the like. 

Exemplary Applications 

Preferred embodiments of the present invention have many applications. The 
separation distance between two datums on the surface of a workpiece may comprise 
10,000 atoms. Although, during nano-electronic manufacturing, with critical spatial 
dimensions of nanometers, the temperature of the part may increase, there are still 10,000 
atoms between the two datums. Thus, a feature may be defined that is 4,987 atoms 
separated from the first datum. Alternatively, 1,000 atoms may define a standard unit. 
The feature may then be specified as 4.987 units, or 498.7 % of a unit, separated from the 
first datum. Thus, a temperature independent specification is achieved. 

In microelectronics, steppers are typically used to position a wafer under a light 
source during several manufacturing steps. By calibrating and recalibrating the machine 
to the wafer in subsequent steps, pattern overlay may be achieved with higher precision 
and accuracy. Patterns are typically disposed on the surface of the wafer for referencing 
and determining wafer position, orientation, and expansion in the machine coordinate 
system. If a pattern exists on the wafer that allows machine calibration, manufacturing 
may be achieved across various process modules with increased precision and accuracy. 
If, for example, a standard master mask was made from a material that exhibited little or 
no expansion, such as Invar, Zerodur, or ULE, or had a substantially similar coefficient of 
expansion as that of silicon or another suitable wafer material, a process may be utilized 
to place substantially similar calibration datums on a plurality of wafers. The master 
mask may be measured and produced to create a known WDU for the plurality of wafers. 
These wafers could then be distributed by suppliers with a known spacing between the 
datums, such as 10,000 lattice-spacings equal to 1 WDU and 4,000 WDU between 
datums. 

In aerospace applications, airframes may be manufactured from a single piece of 
stock material. The web structure must be machined to tight tolerances for maximum 
performance, secure assembly, and reliable modeling. Holes for rivets must be drilled 
for the skin to be attached. Because the machines that manufacture these structures and 
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features have working ranges of tens of meters, the placement of features requires precise 
and accurate processes. 

Although the present invention has been described with reference to preferred 
embodiments and exemplary applications thereof, other embodiments may achieve the 
5 same results and the systems and methods of the present invention may be utilized in 
conjunction with other applications. For example, the systems and methods of the 
present invention may be utilized in conjunction with any micro, macro, or nanowire 
manufacturing or assembly applications. Variations in and modifications to the present 
invention will be apparent to those of ordinary skill in the art and the following claims are 
10 intended to cover all such equivalent embodiments and applications. 


8 U 
□ 

a 
in 

11 

ru 

m 
a 


12 


